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SECTION  I 


METHYL-ETHYL  IMIDAZOLIUM  CHLORIDE  ALUMINUM  CHLORIDE  MELTS 


The  family  of  ambient  temperature  melts  which  result  from 
mixtures  of  1 , 3-dialkylimidazol ium  chloride  and  aluminum  chloride 
was  discovered  at  the  Frank  J.  Siler  Laboratories.  The  most 
extensively  investigated  room-temperature  melt  consists  of 
l-methyl-3-ethylimidazol ium  chloride(I)  and  aluminum  chloride  in 
various  mole  ratios.  These  melts  have  interesting  properties 
which  include:  low  liquid  temperature,  anhydrous  aprotic 
solvent,  large  electrochemical  window  and  good  conduct i vi ty .  We 
desire  to  prepare,  characterize,  identify  these  melts  and  to 
study  their  electrochemical  and  spectroscopic  properties.  Of 
particular  interest  are  the  redox  properties  of  various  lantha¬ 
nide  elements. 


1.1  PREPARATION  AND  PURIFICATION  OF  MEIC 


l-methylimidizole  was  reacted  with  ethylchloride ,  by  con¬ 
densing  the  gas  within  a  pressure  bottle  at  45  degrees  centigrade 
for  a  period  of  a  week  with  occasional  shaking.  The  use  of  both 
a  lower  reaction  temperature  and  a  longer  reaction  time  resulted 
in  a  higher  yield  '  of  the  desired  product,  MEIC.  Evidence 
of  the  formation  of  the  solid  MEIC  usually  appears  after  a  time 
period  of  a  week  with  occasional  shaking.  The  use  of  both  a 
lower  reaction  temperature  and  a  longer  reaction  time  resulted  in 
a  higher  yield  of  the  desired  product,  METr.  Evidence  of  the 
formation  of  the  solid  MEIC  usually  appears  after  a  time  period 
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of  three  days  under  these  reaction  conditions.  At  the  end  of  the 
reaction  period,  the  pressure  bottle  was  allowed  to  cool  to  near 
room  temperature  and  subsequently  cooled  further  within  an  ice 
bath.  CAUTION  must  be  exercised  here  because  there  is  usually  a 
residual  positive  pressure  within  the  reaction  vessel  and  care 
should  be  exercised  in  opening  the  neoprene  stopper.  The  small 
amount  of  liquid  remaining  within  the  bottle  was  poured  off  and 
discarded  in  a  well  ventilated  hood.  The  pressure  bottle  was 
stoppered  with  a  Calcium  chloride  drying  tube  and  warmed  to  a 
temperature  of  40  degrees  centigrade  until  all  visible  signs  of 
remaining  ethyl  chloride  were  removed. 

The  purification  of  MEIC  was  carried  out  as  follows.  MEIC 
wa  purified  twice  from  acetonitri le/ethylacetate  and  ethyl  ether 
mixture.  All  experiments  were  carried  out  under  an  atmosphere  of 
dry  nitrogen.  Solvent  removal  and  further  purification  were 
achieved  under  vacuum.  Aluminum  trichloride  was  usually  purified 
by  sublimation  of  5  N's  pure  material  obtained  from  Alfa 
Products . 

1.2  PREPARATION  OF  THE  MELT 

Reaction  of  MEIC  and  aluminum  chloride  is  highly  exother¬ 
mic.  Caution  should  be  taken  during  melt  preparation.  Small 
quantities  of  the  melt  (50  grams)  were  prepared  by  slowly  adding 
aluminum  chloride  in  small  portions  to  a  weighed  amount  of  MEIC 
in  a  nitrogen  atmosphere.  Melts  of  various  compositions  were 
prepared  and  compositions  were  usually  expressed  in  terms  of  the 


mole  fraction  of  aluminum  chloride  present.  The  following  ter¬ 
minology  was  used: 

MEIC/A1C1.  mole  ratio  0.6/0. 4  or  0.4  melt  (basic) 

0.5/0. 5  or  0.5  melt  (neutral) 

0.4/0. 6  or  0.6  melt  (acidic) 

Melts  which  were  to  contain  metal  ions  were  prepared  by 

dissolving  anhydrous  lanthanide  or  uranium  chloride  salts 

therein. 


1.3  IDENTIFICATION  OF  THE  MELTS 

1.3.1  UV/VIS  Spectra 

Up  to  a  mole  fraction  (N)  equal  to  0.5  aluminum 
chloride,  the  dominant  species  in  the  melt  is  the  AlCl^-1  ion. 
Above  N=0.5,  a  further  species  Al^Cl^  controlled  by  the 
equilibrium  shown  below  begins  to  appear. 

A1C1  ._1  +  AlCl < - >  A1»C1_-1 

4  3  2  7 

At  about  N=0.7  higher  polymers,  AlnCl^n+^  (n>3),  may  also  be 
present.  During  our  investigations  with  a  series  of  melts 
( N=0 . 33-0 . 67 ) ,  we  observed  that  the  basic  melts  (N<0.5)  exhibit 
an  absorption  edge  cut-off  at  250  nm.  The  aluminum  tetrachloride 
ion  in  these  melts  probably  absorbs  at  about  246  nm  (Figure  1). 

Slightly  above  0.5  (N=0.5003),  where  the  molar  con¬ 
centration  of  Al^Cl^  *  is  approximately  0.0012,  the  sample  showed 
a  strong  absorption  peak  at  282  nm .  Upon  addition  of  more  alumi¬ 
num  trichloride,  i.e.,  by  changing  the  concentrat  ion  of  ALCL”\ 
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we  observed  an  increase  in  the  intensity  of  the  280  nm  peak.  At 
a  mole  fraction  N=0.6665,  where  virtually  100%  Al^Cl.^-1  is  pre¬ 
sent  (molar  concentration  0.9985),  we  observed  the  maximum  inten¬ 
sity  of  the  280  nm  peak  with  a  concomitant  presence  of  a  shoulder 
around  335  nm.  The  shoulder  is  tentatively  assigned  to  the 
absorption  of  some  higher  polymers  of  aluminum  chloride  ionic 
specie.  The  results  are  summarized  in  Table  1. 

These  very  significant  observations  allow  us  at 
present  to  identify  the  melt  systems  quantitatively  in  a  non¬ 
destructive  manner,  and  this  method  will  be  used  in  the  future  to 
characterize  the  modified  melts. 

1.3.2  Infrared  and  Raman  Spectra 

The  melt  samples  did  not  lend  themselves  to  either 
normal  dispersive  IR  or  FTIR  investigations,  because  they  are 
sealed  under  vacuum  in  3  mm  cylindrical  quartz  tubes,  which  are 
transparent  to  IR  radiation  only  from  30-400  microns.  However, 
the  quartz  is  ideal  for  Raman  spectral  studies.  The  use  of  cells 
incorporating  other  types  of  window  material,  like  germanium, 
would  allow  infrared  studies  to  be  made.  An  infrared  study  of 
the  melt  by  conventional  technique  was  made  by  sealing  a  smear  of 
the  melt  between  two  CsBr  plates.  Figure  2  shows  the  infrared 
spectra  of  0.4  and  0.6  melts.  The  species  present  in  the  0.4 
melt  is  predominately  AlCl^  belongs  to  the  group  T^ .  A  group 
theory  analysis  of  this  symmetry  group  predicts  two  infrared 
active  bands  and  belonging  to  the  F^  class  (Table  2).  The 
m 4 ( 6^ ( YXY ) ]  frequency  predicted  to  be  around  180  cm  *  could  not 
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TABLE  1 


Ultraviolet  Data  on  MEIC-A1C13  ROOM  TEMPERATURE  MELTS 


SAMPLE 

N 

[Cl-] 

[aici4“] 

[A12C1?  ] 

OD285 

MEICAL 

1 

0.3343 

0.4978 

0.5022 

— 

0.69 

MEICAL 

2 

0.3500 

0.4615 

0.5385 

— 

0.63 

MEICAL 

3 

0.4000 

0.3333 

0.6667 

— 

0.69 

MEICAL 

4 

0.4501 

0.1815 

0.8185 

— 

0.66 

MEICAL 

5 

0.5003 

— 

0.9988 

0.0012 

1 . 38 

MECIAL 

6 

0.5503 

— 

0.7763 

0.2237 

1.51 

MEICAL 

7 

0.6013 

— 

0.4918 

0.5082 

1.63 

MEICAL 

8 

0.6500 

— 

0.1429 

0.8571 

1.03* 

MEICAL 

9 

0.6665 

— 

0.0015 

0.9985 

2.67 

1 

Optical 

density  (OD) 

for  a  path 

length  of 

3  nun  • 

*  It  is 

not  known  why 

the  optical 

density  of 

this  sample 

is  lower  than  the  previous  ones. 
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ABSORBANCE 


(a) 


800  600  400  200 


Figure  2.  Infrared  Spectra  of  (a)  0.4  Melt,  (b)  0 
and  (c)  0.4  Melt  Containing  CeCl3. 
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TABLE  2 


Infrared  Analysis  of  Tetrachloroaluminate  Ion 


V 

V 

1 

2 

3 

[ vg(xy) ] 

t6d(yxy) I 

[  \>d(xy)  ] 

[ 6d ( yxy  )  ] 

A1 

E 

F2 

F2 

(R) 

(R) 

( IR, R) 

( IRf  R) 

A 

Jr 

Jc 

350 

120 

490 

180 

be  observed  in  the  present  case  due  to  instrument  limitation. 

The  strong  peak  at  478  cm-1  is  identified  with  the  1R 

active  vibration  in  AlCl^  ^  moiety  present  in  the  0.4  melt. 

The  Raman  spectrum  of  a  0.33  melt  having  slightly 
lower  concentration  of  aluminum  tetrachloride  ion  produced  Figure 
3  with  the  expected  Raman  bands  at  120,  182,  and  352  CM-^  due  to 
M2'  m4'  an<^  M1  vibrations  t^ie  A1C1^  moiety,  respectively. 

The  intensity  distribution  among  these  bands  is  in  good  agreement 
with  the  predicted  one,  350  cm-1,  being  the  strongest. 

The  infrared  spectrum  of  a  0.6  melt,  containing 
equal  amounts  of  AlCl^  and  A^Cl^  exhibited  two  additional 
peaks  at  378  and  320  cm  *  in  the  infrared.  These  peaks  are  due 
to  the  A12C1?  moiety.  The  corresponding  Raman  spectrum  (Figure 
4)  of  0.66  melt  shows  the  318  cm  ^  band  as  the  strongest  with  a 
weaker  and  much  broader  absorption  around  438  cm-1.  These  fre¬ 
quencies  are  assigned  to  the  bridged  Al — Cl — Al  moiety  within  the 
A12C1^  species.  A  more  detailed  analysis  is  in  progress.  The 
most  significant  obstacle  to  overcome  in  Raman  measurements  is 
the  background  fluorescence.  In  the  present  case  there  is  no 
exception,  all  melts  showed  strong  fluorescence.  We  anticipate 
in  the  near  future  to  have  available  spectroelectrochemical  capa¬ 
bilities  specifically  fourier  transform  electrochemical  methods. 

1.3.3  Fluorescence  Spectra 


Fluorescence  measurements  by  optical  (fJV/near  VIS) 
pumping  often  yield  information  on  the  nature  of  both  the  ground 
and  the  excited  states  of  organic  and  metal lo-organic  complexes. 


INTENSITY 


Figure  4  . 


This  is  a  very  sensitive  method  of  identifying  organic  chro- 
mophores . 

The  excitation  spectrum  of  a  0.4  melt  shows  excita¬ 
tion  maxima  at  270  and  395  nm  with  a  weaker  shoulder  at  355  nm . 
These  UV  excitation  bands  are  primarily  due  to  the  cationic  MEIC 
(imidazolium  cation)  moiety.  Excitation  of  the  melt  at  these 
wavelengths  produced  fluorescence  (Figure  5)  which  is  broad  and 
may  be  resolved  into  two  components  with  a  maxima  (fluorescence) 
at  445  and  470  nm.  The  445  nm  band  is  easily  identified  as  being 
due  to  the  fluorescence  from  the  organic  moiety  in  the  melt 
(i.e.,  l-methyl-3-ethyl imidazol ium  cation).  The  broader  higher 
wavelength  at  470  nm  is  tentatively  assigned  to  the  induced  mole¬ 
cular  luminescence  from  trivalent  aluminum  in  AlCl  ~  anion.  Such 

4 

molecular  fluorescence  has  been  observed  earlier  in  coordination 
complexes  of  Al(III)  with  organic  ligands.  The  luminescence 


spectra  of  the  lanthanides  and  other  spectroscopic  data  for  metal 
ions  in  the  chloroaluminate  melt  are  presented  in  the  next  sec¬ 
tion  along  with  the  electrochemical  data  discussed  as  individual 


ions . 
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Figure  5.  Excitation  and  Fluorescence  Spectra  of  0.4 
Ch loroa 1 um i na te  (METC-A 1 r 1 3 )  Melt  at  Room 
Temperature . 
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SECTION  II 


ELECTROCHEMISTRY 


The  electrochemical  windows  of  the  chloroaluminate  melts 
( MEIC-A1C1 ^ )  are  limited  by  the  reduction  of  the  imidazolium 
cation  and  the  oxidation  of  Cl  ,  AlCl^-  or  A12C17~  depending  on 
the  melt  composition.  Below  0.5  mole  fraction  of  AlCl^,  the 
anodic  potential  is  strictly  governed  by  the  oxidation  of  free 
Cl  ion  and  this  positive  limit  is  about  1.0  volts  (Figure  6), 
with  respect  to  an  aluminum  in  0 . 6 (MEIC-A1C1  )  melt  reference 
electrode.  The  corresponding  electrochemical  window  of  a  0.6 
melt  is  2.35  to  -0.05  volts  with  respect  to  the  same  reference 
electrode.  ' 


2.1  ELECTROCHEMISTRY  OF  CERIUM 


The  most  extensively  investigated  lanthanide  ion  is  tri- 
valent  cerium  which  has  a  4f^  electronic  configuration.  The  E° 
value  for  the  Ce ( 1 1 1 )/Ce ( I V )  redox  couple  is  strongly  dependent 
upon  the  electrolytic  medium  used,  exhibiting  the  effects  of  dif¬ 
fering  complexation  of  the  cerium.  Thus  the  following  F°  values 
were  obse rved . 


MEDIA 

1M  HC10 . 

4 

1 M  HN03 

1M  H_SO 

2  4 

2M  HC1 
5.5M  K2C03 

0.4  MeU  (METC/MCl  ) 


_E°  (volts  vs.  SHE) 
1  .70 


1  .44 
1  .  2R 

o .  ns 

0.70  (V 


0.9  0.8 


0.6 


-0.4  -u.t> 


0.4  0.Z  0.0  -U.Z 

POTENTIAL  (VOLTS) 


Figure  6.  Cyclic  Voltammoqram  of  0.4  Ch loroa 1 umi na te  (MEIC-AICI3) 
Melt  at  Room  Temperature;  50  mV  per  Sec.;  (A)  One 
Microamp  per  Inch,  (B)  10  Microamp  per  Inch. 


The  simple  carbonate  ion  that  is  capable  of  bidentate  coor¬ 
dination  is  able  to  lower  the  redox  potential  by  about  1.6  volts 
from  the  non-coordinating  ligand  medium  of  perchlorate.  The 
species  which  is  probably  undergoing  redox  reaction  in  carbonate 
medium  is  probably  the  tetra-carbonato-Ce ( II I )  anion.  From 
extensive  spectroscopic  studies  Sinha  established  the  presence  of 

the  tetra-carbonato  species  for  all  the  lanthanides  in  aqueous 

_  2 

carbonate  solutions,  having  MrCO^  ratios  of  1:50  at  pH=12. 

The  cyclic  vol tammog rams  of  the  Ce ( 1 1 1 )/Ce ( IV)  couple  in 

0.4  melt  is  shown  in  Figure  7.  From  this  data  we  calculate  the 

-  3 

quas i-revers lble  rate  constant  of  1.20  x  10  cm/sec.  The  nature 
of  the  electroactive  species  was  deduced  from  a  study  of  the  melt 
containing  Ce ( I I I )  by  UV  and  IR  spectroscopies.  The  UV  spectrum 
exhibited  a  strong  and  broad  band  between  310  and  350  nm.  This 
is  due  to  the  4£ — >5d  type  transition  in  Ce(III),  a  4f*  ion.  The 
position  of  the  peak  agreed  with  those  observed  previously  for 
the  chloro  complexes  of  Ce (  1 1 1 )  . 

The  IR  spectrum  also  showed  a  Ce-Cl  stretching  peak  at 
280  cm  *  [Figure  2(c)]  in  addition  to  the  AlCl^  peaks.  The 
presence  of  peaks  at  280  cm  1  region  was  found  for  hexachloro- 
complexes  of  cerium,  thus  confirming  the  presence  of  a 
hexachloro-  Ce ( 1 1 1 )  complex  within  the  melt.  The  final  confir¬ 
mation  of  the  trivalent  state  of  Ce  came  from  the  fluorescence 
spectral  studies.  As  a  result  of  exciting  Ce ( 1 1 1 )  in  0.4  melt 


with  319  nm  light,  we  observed  a  peak  at  370  nm  with  indication 
of  another  maxima  at  410  nm  superimposed  on  the  broad 


fluorescence  of  the  melt  (Figure  8).  The  position  of  these  peaks 

were  further  confirmed  from  a  synchronous  fluorescence  study. 

The  nature  of  fluorescence  and  the  position  of  the  peak  confirmed 

first,  the  trivalent  nature  of  Ce  in  the  melt  (0.4)  and  secondly, 

that  the  species  is  a  chloro-complex .  Taken  altogether,  the 

experimental  data  confirmed  the  presence  of  che  predominant 

_  3 

species  as  CeCl^  ,  hexach loroce r ium  (III),  in  0.4  melt 
undergoing  redox  reaction. 

2.2  ELECTROCHEMISTRY  OF  URANIUM 


Uranium  presents  an  interesting  challenge  to  the  electro¬ 
chemists.  The  oxidation  states  of  uranium  may  vary  between  plus 

three  and  six.  The  ususal  species  present  are  U(III),  U(IV), 

+  +2 

UO^  and  UO2  .  In  aqueous  solution  "naked"  U(V)  and  U(VI)  are 
rare.  The  following  electrode  reduction  potentials  are  observed 
for  aequeous  solutions  of  uranium: 


UO 


+  2 


UO, 


U(  IV) 


-0.631 


U( III  ) 


0.063 


0.58 


0.32 

Our  aim  was  to  prepare  a  solution  of  U(1V)  in  0.4  melt  and  study 
its  electrochemical  and  spectroscopic  properties.  The  choice  of 
U(IV)  came  from  the  assumption  that  it  is  an  interesting  starting 
point  in  the  above  series,  in  that  it  could  be  reduced  to  the 
trivalent  species  and  in  the  anodic  wave  we  might  be  able  to 
observe  oxidation  to  U(IV)  or  possibly  U(V). 


1  8 
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•  X* 


However,  during  the  preparation  of  U(IV)  solution  in  0.4 
melt  we  observed  the  change  of  color  of  "U(IV)  solution"  from 


green  to  yellow.  Absorption  spectral  studies  of  the  "yellow" 

solution  showed  no  bands  due  to  U(IV)  or  U(III).  The  yellow 

color  is  also  taken  as  an  indication  of  the  oxidation  process 

which  may  have  taken  place  during  the  preparation  of  the  melt. 

The  following  UV  absorption  bands  were  observed  for  the  "yellow" 

solution:  299.5,  345.5(Sh)  and  392  nm.  The  spectrum  of  the 

yellow  liquid  (Figure  9)  did  not  show  any  characteristic  bands 

+  2 

due  to  hexavalent  uranium  species  UO^ 

The  spectrum  of  our  "yellow"  liquid  is  identical  with  that 
( 4  ) 

reported  for  a  nitromethane  solution  of  (C~H  )  NUCl..,  where 

l  o  4  b 

the  predominant  species  is  UCl^-.  A  comparison  of  the  spectral 
peak  position  and  intensity  of  our  "yellow"  solution  with 
^2H5  ^  4NIJC'*'6  showed  an  excellent  agreement  and  supports  the  point 
of  view  that  the  species  present  within  the  melt  is  predominantly 
UClg  ,  an  unusual  U(V)  species. 

Cyclic  voltammetric  studies  were  performed  on  this  unusual 
HClg  solution.  Vol tammograms  were  obtained  by  scanning  the 
glassy  carbon  working  electrode  between  0.6  and  minus  1.2  volts 


(Figure  10).  Table  3  summarizes  the  salient  features  of  these 
voltammograms .  It  is  apparent  that  the  redox  process  is  an  irre¬ 
versible  one.  The  cathodic  peak  is  due  to  the  reduction  of  the 
U(V)  specide  to  (J(IV).  The  weak  anodic  peak  current  is  possible 
due  to  the  partial  reoxidation  of  the  n(IV)  specie  within  the 
melt.  If  the  cathodic  potential  is  held  for  several  minutes  at 
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POTENTIAL  (VOLT) 


Figure  10. 


Cyclic  Voltammetry  of  the  "Yellow"  U(V)  Species 
Which  Results  From  the  Oxidation  of  a  UCI4  Solution 
in  0.4  MEIC-AICI3  Melt.  Notice  that  the  Anodic  Peak 
is  much  Weaker  than  the  Cathodic. 


tammetric  Data  on  the  "Yellow"  UCL..  Solution  in  0.4  Melt 


minus  0.6  volts,  an  almost  identical  current  response  for  the 

cathodic  and  anodic  wave  was  observed. 

We  now  have  to  address  the  nature  of  the  oxidizing  agent 

present  in  our  melt  which  is  able  to  oxidize  U(IV)  to  U(V).  The 

species  responsible  is  believed  to  be  proton  (H+)  which  results 

from  minute  traces  of  water  present  within  our  melt.  The  water 

comes  possibly  from  the  water  of  crystallization  in  MEIC. 

Partial  hydrolysis  of  A1C14"*  is  possible  with  minute  amounts  of 

water  according  to  the  following  equation: 

A1C1  ~  +  H-0  - >  A10C 1  +  2H  +  f  3  Cl" 

4  2 

The  protons  generated  during  this  process  should  act  as  a  strong 

oxidizing  agent  in  almost  anhydrous  ch loroa 1 umi na te  melt.  With 

yet  higher  concentrations  of  water  complete  hydrolysis  of  the 

tetrachloroaluminate  to  aluminum  trichloride  might  result. 

Further  work  concerning  the  nature  of  water  within  the  chloro- 

aluminate  melt  and  the  electrochemical  properties  of  hexavalent 
+  2 

uranium  (UO^  )  are  in  process . 

2.3  ELECTROCHEMISTRY  OF  TERBIUM 

Most  lanthanides  produce  hexachloro  species  in 
MEIC-AlCl^  melt  (0.4).  The  oxidation  potential  of  Tb( 1 1 1 )/Tb( IV) 
is  too  high  to  be  measured  in  an  aqueous  solution.  We  have  not 
been  able  to  observe  this  redox  reaction  in  0.4  melt  until  now. 
However,  Tb(III)  was  used  as  a  fluorescence  probe  in  0.4  melt. 
From  the  UV,  time  resolved  fluorescence  spectrum  and  the  excited 
state  1  if  time  measurements,  we  suspect  the  presence  of  a 
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2  4 


hexachloro-Tb( 1 1 1  )  complex  in  0.4  melt.  A  comparison  of  the 

excited  state  (5D.)  lifetime  in  0.4  melt  with  other  laser  liquids 

4 

and  gas  phase  complex  ((A1C1  )  x  (TbCl^)]  showed  the  chloroalumi- 
nate  melt  to  be  a  comparable,  if  not  superior  laser  liquid. 

LIFETIMES  OF  SPECIFIED  SOLUTIONS  IN  MILLISECONDS 


LEVELS 

AQUO-ION 

TbCl .-( A1C1 , ) 

3  3  x 

TbsPOCl-  :  SnC  1  . 

3  4 

0.4  Melt 

5D3 

— 

0 . 29  (  2500 

0. 29 ( 25C) 

0 . 40  (  250 

5D4 

0 . 4  3  (  250 

1  .  5 2 (  250C) 

2 . 7 3  (  250 

2  .  34  (  250 

2.4  ELECTROCHEMISTRY  IN  AQUEOUS  SOLUTIONS 


In  order  to  make  a  comparison  of  the  F,  ^ ^  values  of  various 

+  2 

lanthanides  and  U(IV),  IJO^  in  the  melt  we  have  started  to 
measure  the  values  of  E  ^  in  1  M  chloride  ion  solutions  using 
the  same  glassy  carbon  electrode.  Figures  11  and  12  show  the 
cyclic  vol tammograms  obtained  for  Eu(III)  and  Sm(III)  ions  in  1  M 
aqueous  chloride  solution.  The  systems  are  electrochemical ly 
irreversible,  as  evidenced  by  the  large  separation  of  the  anodic 
and  cathodic  peak  potentials.  The  absence  of  an  anodic  peak  for 
the  Sm( 1 1 1 )/Sm( 1 1 ) ,  suggests  that  the  Sm(II)  reacts  very  fast 
with  the  solvent  and  that  no  Sm(II)  is  present  within  the  solu¬ 
tion  to  give  rise  to  an  anodic  peak.  These  studies  on  aqueous 
solutions  are  in  progress  together  with  electrochemical  studies 
within  the  ch loroa 1 um i na te  melt. 


2.5  SUMMARY  OF  RESULTS 

a.)  Studies  on  these  melts  with  UV  and  IR  spectroseopy 


indicate  that  quantitative  idont  i float  ion  of  the  melt 
are  possible  using  these  techniques. 


b.)  Additional  studies  are  necessary  before  a  similar 
statement  could  be  made  regarding  Raman  and 


fluorescence  spectroscopies. 

c. )  The  large  electrochem ica 1  windows  of  the  chloroalumi- 

nate  melts  are  useful  for  studying  the  electrochemical 
properties  of  the  lanthanides  and  uranium. 

d. )  The  Ce ( 1 1 1 )/Ce ( 1 1 )  redox  couple  is  quas i-revers  ible . 

e. )  The  U(V)/U(IV)  redox  couple  is  practically 

i rrevers ib le . 

f. )  The  Tb( 1 1 1 )/Tb( IV)  redox  process  cannot  be  observed  in 

the  melt. 

g. )  In  aqueous  solutions  En ( I I I )/Eu ( I I )  is  quasi- 

reversible  but  Sm( III )/Sm( II )  is  practically  irrevers¬ 
ible. 

h. )  UV/VIS  and  fluorescence  spectroscopies  are  helpful  in 

identifying  electroactive  species  present  in  0.4  melt 
solutions  of  the  lanthanides  and  uranium. 

i. )  There  is  a  good  chance  that  the  0.4  melt  may  be  useful 

as  an  anhydrous  laser  liquid. 

j. )  A  paper  entitled,  "Hexachloro  Complex  of  Uranium(V)  in 

Room  Temperature  Ionic  Melt,"  by  S.  H.  Sinha  was 
published  in  Lanthanide  Actinide  Research  1:  195-196, 
1986  (A  copy  is  enclosed.) 

SCOPE  OF  FURTHER  STUDIES 


a.)  Continued  studies  on  the  uranium  system  is  highly 
des  i  rat) le  . 
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b. )  Modify  the  melt  to  widen  the  electrochemical  window 

and  improve  the  conductivity  of  the  melt. 

c. )  Studies  on  Eu ( 1 1 1 ) ,  Sm(III),  Yb(III)  and  U02  +  2  and 

possibly  Pr(III)  should  be  conducted. 

d. )  Further  studies  on  the  use  of  this  melt  as  a  laser 

liquid  deserve  attention. 
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LITHIUM  ELECTROCHEMISTRY  IN  ACETONITRILE:  AN 
ELECTROCHEMICAL  AND  SPECTROSCOPIC  STUDY  OF  ELECTRODE  SYSTEMS 

3.1  INTRODUCTION 

Acetonitrile  is  well  suited  as  a  nonaqueous  solvent  system 
for  electrochemical  studies  because  of  its  physical  properties 
which  include  its  non-reactivity  at  many  electrodes  over  a  wide 
range  of  potentials'^  and  its  ability  to  dissolve  substantial 
quantities  of  salts  to  produce  conductive  solutions.  The  recent 
work  by  Keisele^^  on  the  purification  of  acetonitrile  was  used 
as  a  background  study  for  this  research.  The  redox  system  of 
lithium  in  organic  solvents  is  of  interest  because  of  the  metal's 
attractiveness  as  an  anode  material  for  high-energy-density  bat¬ 
tery  systems.  This  attractiveness  is  due  in  part  to  its  low 
equivalent  weight  and  large  standard  electrode  potent ial ^ 7 ^ . 
Lithium  reacts  well  as  an  electrode  in  primary  battery  systems, 
with  the  exception  of  the  voltage  delay  problem,  which  results 
from  the  formation  of  passivation  layers  upon  its  surface.  Tts 
position  as  an  anode  for  a  secondary  battery  system  is  not  as 
well  understood.  We  believe  that  a  very  careful  study  should  be 
made  on  behalf  of  the  lithium  acetonitrile  system  to  determine 
the  reasons,  both  energetic  and  kinetic  which  at  present  preclude 
lithium  from  being  used  as  an  anode  within  both  primary  and 
secondary  battery  systems.  In  addition,  we  note  that  little  is 
understood  about  the  solvation  of  lithium  by  the  solvent- 
electrolyte  and  the  redox  orocesses  which  occur  at  the  lithium 
e 1 oct  rode . 


30 


// 


i.i 


I  J !«>  ij  u  l.»  hlj.*  l*  >.•  liVk'A'A’A 


This  portion  of  the  research  effort  concerns  the  study  of 
ultra-pure  acetonitrile  in  terms  of  identification  of  its 
remaining  contaminates,  its  further  purification,  the  purifica¬ 
tion  of  electrolyte  salts  and  the  electrochem ica 1  behavior  of 
lithium  electrodes  in  acetonitrile.  We  hope  to  add  to  the 
electrochemical  results  spectroscopic  data  including 
spectroelectrochemical  data  in  an  effort  to  better  understand  the 
fundamental  processes  which  occur  in  this  system  and  to  then  be 
in  a  position  to  predict  which  solvent  systems  might  be  viable 
for  battery  systems  of  the  future. 


3.2  PREPARATION  AND  CHARACTERIZATION  OF  SOLVENT- ELECTROLYTES 


Acetonitrile,  HPLC  quality  or  better,  used  in  this  research 
was  obtained  from  Fisher,  Burdick  and  Jackson,  as  well  as  Alfa 
Products.  Gas  chromatograms  were  obtained  for  each  from  a 
Hewlett-Packard  Model  5890  capillary  column  gas  chromotograph . 

We  regularly  used  glove  bags  in  an  attempt  to  provide  an 
atmosphere  devoid  of  water  vapor.  These  attempts  were  only 
marginally  successful  because  we  were  never  really  certain  of  the 
chemical  state  within  the  glove  bag  nor  were  we  able  to  document 
the  reproducibility  of  the  environment  within  these  glove  bags  at 
different  times.  To  remove  whatever  traces  of  water  might 
remain,  we  passed  the  acetonitrile  through  a  drierite  column.  Of 
the  samples  which  we  used,  that  provided  by  Fisher  was  the  best, 
being  better  than  99.94+%  pure  as  determined  from  capillary  GC 
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using  a  flame  ionization  detector  (FID).  Acetonitrile  samples 

received  from  burdick  and  Jackson  were  almost  equivalent  to 

those  from  Fisher.  By  comparison,  the  Alfa  samples  contained 

substantial  impurity.  It  is  important  to  note  that  within  the 

acetonitrile  from  all  three  suppliers,  the  only  organic  impurity 

found  from  our  capillary  GC  studies  was  prop  ion i tr i le ,  confirmed 

by  deliberately  spiking  the  sample  with  this  compound,  the  next 

member  of  the  homologous  series.  We  did  not  consider  this  to  be 

a  serious  contaminant,  since  prop  ion i tri le  should  have  similar 

(  8 ) 

electrochemical  properties  to  acetonitrile' 

The  visible/ultraviolet  (VIS/UV)  spectra  of  all  aceto¬ 
nitrile  samples,  obtained  on  a  Perkin-Elmer  Model  4B,  were  essen¬ 
tially  identical,  each  being  transparent  down  to  200  nm .  Typical 
GC  and  VIS/UV  traces  of  the  Fisher  acetonitrile  are  in 
Figure  13(a)  and  13(b),  respectively.  The  absence  of  a  dry  box 
facility  has  precluded  us  from  making  any  definitive  conclusions 
regarding  impurity  compounds,  including  water,  which  might  have 
contaminated  our  solvent  electrolytes  during  the  course  of  our 
research.  We  have  proposed  that  we  purchase  a  glove  box  for  the 
next  phase  of  our  work. 

The  electrolytes  used  were  LiC10jf  LiBF,  and  tetrabutyl- 

4  4 

ammonium  tetraf luoroborate  ( TBATFB )  from  Alfa  Inorganics.  Each 
salt  was  dried  by  subjecting  it  to  a  one  microtorr  vacuum  for  at 
least  twenty-four  hours.  The  lithium  perchlorate  was  also  heated 
to  70°C.  With  these  samples  we  then  proceeded  to  conduct  the 


electrochemical  portion  of  the  research  at  the  lithium  electrode. 


HUN  #  13 
AREA  % 

RT  AREA  TYPE  AR/HT 

0  97  I  2763E  +  07  SPB  0  083 
109  7505  DBB  0.020 

TOTAL  AREA  =  1. 2770E  +  07 
MUL  FACTOR  =  I.OOOOE+OO 


START 


AREA*/. 

99  941 
0  059 


STOP 


240  250 


Figure  13 


WAVELENGTH  (nm) 

(b) 


(a)  Typical  Capillary  Column  Gas  Chromatograph  of 
Acetonitrile  Showing  Trace  Impurity  of 

Prop  ion i t r i le . 

(b)  Ultraviolet  Spectra  of  Acetonitrile  Samples: 
(A)  Fisher,  (B)  Burdick  and  Jackson,  and  (C) 


A  quantity  of  TBATFB  was  added  to  the  acetonitrile  to  act  as  a 
supporting  electrolyte.  Drierite  was  kept  within  the  glove  bag 
to  collect  any  moisture  as  well  as  an  indicator  for  the 
atmosphere.  Normal  precautions  were  taken.  Prior  to  the  commen¬ 
cement  of  a  study,  the  bag,  containing  all  necessary  equipment, 
was  purged  for  minutes,  and  sealed.  After  purging,  a  glass 
column  was  packed  with  alumina  (Sigma  Type  WA-4).  the  aceto¬ 
nitrile  was  filtered  through  the  column,  the  first  several  milli- 
leters  (ml)  discarded  and  the  remainder  used  to  fill  the 
electrochemical  cell. 

3.3  THE  ELECTROCHEMISTRY  OF  LITHIUM 

For  these  studies  platinum  was  used  for  both  the  test  and 
counter  electrodes.  The  reference  electrode  was  Ag/AgNO^  (0.1M) 
in  acetonitrile  (AN).  Cyclic  voltammograms  (CV)  were  obtained  at 
either  platinum  or  glassy  carbon.  While  we  could  have  used 
lithium  metal  as  the  working  electrode  we  reasoned  that  in  order 
for  this  solvent  system  to  be  viable,  it  must  be  capable  of 
reducing  lithium  ion  to  its  elemental  state.  In  addition,  the 
platinum  electrode  would  serve  as  a  good  indicator  for  the 
presence  of  other  redox  activity  within  the  solvent-electrolyte 
system  prior  to  the  addition  of  the  lithium  ion.  In  the  absence 
of  lithium  ion,  the  voltage  window  for  the  ace  ton i tr i le-TBATFB 
system  was  found  to  be  just  below  five  volts  as  evidenced  by  the 
CV's  at  platinum  (Figure  14). 


Addition  of  lithium  perchlorate  to  the  AN-TBATFB  system 
results  in  a  CV  which  contains  three  peaks,  (Figure  15),  all 
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Figure  15 


Cyclic  Voltammogram  of  TBATFB  and  Lithium 
Perchlorate  in  Acetonitrile  at  Platinum, 
lOOmV/Sec,  Zero  to  Minus  2.6  Volts, 

2.5  Microamp  per  inch,  Silver  Reference, 
Multiple  Scan. 


minus  at  0.1,  0.85  and  1.85  volts  versus  the  reference  electrode. 

The  first  of  these  is  probably  due  to  hydrogen  reduction,  while 

the  second  and  third  are  probably  due  to  the  reduction  of  lithium 

on  platinum  and  lithium,  respectively.  This  lithium  layer,  in 

( 9  ) 

agreement  with  Pons  ,  does  passivate  rapidly.  The  severe 
reduction  in  the  reduction  peaks,  particularly  at  minus  1.85 
volts,  is  most  likely  due  to  the  formation  of  a  passivated  layer. 
It  is  interesting  to  note  that  the  passivation  layer  which  forms 
is  soluble.  This  is  readily  shown  by  allowing  the  electrochemi¬ 
cal  cell  to  sit  for  a  period  of  several  minutes  and  then 
repeating  the  experiment.  The  CV  obtained  will  be  almost  iden¬ 


tical  to  that  obtained  from  the  first  experiment  (Figure  15).  We 


have  determined  that  the  i  is  proportional  to  the  square  root  of 
the  sweep  rate,  suggesting  the  lithium  transport  process  is 


indeed  diffusion  controlled.  In  addition,  the  reduction  peak  at 
minus  1.85  increases  with  increase  in  the  concentration  of 


lithium  ion  in  solution. 
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HEXACHLORO  COMPLEX  OF  URANfUMfV)  IN  ROOM  TEMPERATURE  IONIC  MELT 


Shyama  P.  Sinha 

Department  of  Chemistry,  University  of  Dayton, 
Dayton,  Ohio  45469,  U.S.A. 


During  our  recent  electrochemical  and  spectroscopic  investigations  |1,2|  of  solutions  of  Ce(Ill)  and 
Tb(UI)  in  the  room  temperature  chloroaiuminate  melt  prepared  by  interacting  l-methyl-3-ethylimida- 
solium  chloride  (MEIC)  and  AICI3  (mole  ratio  0.6:0. 4,  commonly  known  as  0.4  or  basic  melt  [3|),  we 
became  interested  in  studying  the  U(IV)  system.  Spectroscopic  studies  of  Ce(III)-  and  Tb(III)-containuig 
basic  melts  indicated  the  presence  of  a  MCLj-type  chromopbore  in  solution. 

Dissolution  of  UCL,  (Alfa  Products)  in  the  basic  (0.4)  MEIC-AlCls  melt,  under  dry  nitrogen,  occurs 
giving  a  green  U(IV)-containing  liquid.  However,  the  solution  bleached  to  a  clear  yellow  color  within  a 
12-hour  period.  Spectroscopic  examination  of  this  yellow  liquid  showed  no  absorption  bands  due  to  U(IV) 
nor  did  it  exhibit  the  characteristic  peaks  of  the  UO,+  ion  in  the  visible  region  (4|. 

The  first  low  energy  absorption  band  for  this  yellow  liquid  (Fig.  1)  is  observed  at  392  nm  (25.51 
kK)  with  a  half-width  (5-)  of  3.79  kK  toward  the  lower  wavenumber  side,  and  it  is  indeed  due  to  the 
electron  transfer  transition  of  U(V)(5f‘)  in  our  basic  melt.  The  observed  spectrum  profile  is  identical 
with  that  reported  by  Ryan  |5|  for  a  nitromethane  solution  of  (CjHs)«NUCle,  where  the  predominant 
species  is  UCl^.  The  first  electron  transfer  band  for  (CjHsJeNUCle  occurs  at  25.3  kK  giving  a  value  of 
2.16  for  the  optical  electronegativity  (Xuocor)  of  U(V)  in  the  hexachloro  complex.  Using  our  experimental 
value  of  25.51  kK  for  the  electron  transfer  transition  we  calculate  the  value  of  as  2.15  for  U(V), 

which  is  in  excellent  agreement  with  that  obtained  (2.16)  by  Ryan  for  the  UCl^  complex.  A  comparison 
of  our  electron  transfer  spectrum  with  the  closely  related  distorted  octahedral  species  like  UjClio  and 
UCU  AlCls  identified  in  the  gaseous  state  for  a  mixture  of  UC1*  and  AlClq  between  400  and  800°K  |6|  is 
not  possible  due  to  the  lack  of  the  spectrometric  data  on  these  species  in  the  UV  region. 

We  now  have  to  address  the  nature  of  the  oxidising  species  present  in  our  melt  that  is  able  to  oxidiie 
U(IV)  to  U(V).  The  usual  impurity  present  in  AlCIj  is  Fe( Ill),  which  may  easily  be  involved  ui  the  oxiduing 
reaction.  However,  the  AlCls  (Alfa  Products  99.997%  parity)  was  sublimed  and  the  Fe(III)  impurity  was 
found  to  be  below  the  limit  of  cyclic  volatammetric  detection.  In  our  case,  the  species  responsible  for 
the  oxidation  of  U(IV)  is  believed  to  be  the  proton  (H  +  )  generated  from  the  minute  amount  of  water 
present  as  water  of  crystallitalioii  in  MEIC  and  acting  as  a  strong  oxidising  agent  in  almost-anhvdrous 
chloroaiuminate  melt.  NMR  and  infrared  studies  confirmed  the  presence  of  water  in  the  sample  of  MEIC 
and  in  the  0.4  melt  used  in  this  study. 

Our  attention  was  drawn  to  a  recent  study  by  DeWaele  et  al.  [7]  who  have  investigated  the  redox 
behavior  of  U(IV)  in  a  chloroaiuminate  system  similar  to  ours,  [N-(n-butyl)pyridinium  chloride  (BPC)- 
AlClsI,  but  in  a  melt  composition  of  0.33:0.66  BPC.AlClj  mole  ratio.  They  believed  to  have  found  evidence 
of  the  presence  of  a  hexachloro  complex  of  U(V)  in  their  melt  from  a  study  of  the  electronic  transitions  in 
the  near  IR  region.  It  is,  however,  very  unlikely  that  at  their  BPCiAlClj  ratio  a  considerable  amount  of 
UCl^  has  formed.  Although  the  observed  f— •  f  spectrum  (7|  is  certainly  due  to  a  U(V)-chloro  complex,  it 
does  not  appear  to  be  due  to  the  UCl^  moiety.  A  more  likely  candidate  in  their  melt  composition  is  the 
UCls  AlCls  species. 

if  1986  VCH  Publishers.  Inc. 

Manuscript  received  SeptemPer  30.  1985  accepted  October  34.  '985  195 


196 


S  P  SINHA 


FIGURE  1.  Electron  trnultr  spectrum  of  U(V)-hexachloride  (~0.036  M)  in  basic  (0  4)  MEIC- AICI,  melt 
>t  2S*C;  p»lUn|th  0.2  mm. 


Detailed  electrochemical  and  spectroscopic  studies  on  U(IV)  and  U(V)  ions  in  basic  and  in  acidic 
ME1C-AJCI,  malts  a re  in  program  and  tha  reaalta  will  ba  reported  elsewhere. 

This  work  was  parformad  under  an  Air  Force  Wright  Aeronantics/Aeropropnlsion  Laboratory  con¬ 
tract.  The  author  wishes  to  thank  Prof.  G.  Mamantov  for  drawing  his  attention  to  the  work  cited  in 
Reference  (7|. 
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Resistive  Electrode  Effects  on  Cyclic  Voltammetry 

R  Gerald  Keil* 

Depa rf men!  of  Chemistry .  University  of  Dayton.  Dayton.  Ohio  45 469 


ABSTRACT 

The  effect  trial  distributed  resistance  within  a  thin  film  working  elec  trode  wouid  have  upon  a  resulting  cvcir 
voltammograrr.  has  been  determined  through  simulation  using  the  finite  difference  approach  Electrode  resistance 
causes  the  cvclic  voltammograrn  lor  a  reversible  eiectrochemu  a.  reaction  tc»  appear  quasi-reversibie  b\  an  amount  that 
is  proportional  to  the  electrode  resistance  The  effects  of  the  facility  of  the  electrode  Kinetics  and  distributed  eiecirut.it- 


resistant  e  npor.  the  shape  of  \n«*  event  vollarnmogram  were 
diffusion  both  norma,  and  parallel  to  ’h»  nivini'ic  suUaie 

In  recent  times,  increased  effort  rias  been  devoted  to 
technical  areas  which  mas  utilize  thin  him  eiectrodes  ;i 
eluding  thin  him  batteries  electron  spin  resonance  cells, 
optically  transparent  electrode  system*-,  ana  display  de 
vices  While  the  eiectrochemist  i*  generally  able  to  com 
pensate  for  solution  IR  losses  added  consideration  must 
be  giver,  if  a  significant  resistance  i>  present  within  the 
electrode  materia,  itself  Tne  results  of  a  fundamental  in 
vesligation  into  the  inlerta  ;ai  energetics  and  charge 
transfer  kinetics  can  be  erroneous  if  solution  IR  losses  are 
ignored  This  is  also  true  for  a  sufficiently  thin  metallic 
electrode,  but.  here  the  magnitude  of  the  effect  win  de 
pend  upon  the  electrode  geometry  as  well  as  the  number 
of  points  on  the  electrode  to  which  electrical  contact  is 
madp  The  presence  of  a  distributed  resistance  allows  for 

•£ lect roche mu aJ  Socierv  Arm**  We'-.;.er 


determined  The  simulation  considered  mass  transpor  t.\ 


tne  potential  at  a  given  point  in  the  electrode  to  (idler 
from  that  of  the  potent instat  We  examine  nere  the  effect-) 
that  electrode  resistance  and  electrode  geometry  hue 
upon  the  numerical  value  of  A£r  of  cvclic  vollarnmogram* 
for  both  reversible  and  quasi  reversible  eiectrocbemica. 
processes  See  the  List  of  Svmbols  for  the  definition  of 
svmoob  used  i 

The  warning  electrode  -  Consider  that  a  cyclic  voltam 
mogram  'CV>  is  to  be  obtained  al  a  working  electrode 
which  is  composed  of  a  long  ( 10  mm,  narrow  <0  1  cmi.  and 
thin  <■  2  »  l(i  cm i  metallic  film  A  platinum  electrode 
with  these  phvsicai  dimensions  would  have  an  apprecia 
hie  resistance  1-50000)  Practical  considerations  require 
■  n  this  analysis  that  such  a  film  electrode  have  support 
from  a  nonconductive  substrate  We  consider  further  tnat 
i  to  manifest  the  extreme  potentiostatic  contact  to  tne 


1376 


J.  Eleetrochtm.  Soc  .  ELECTROCHEMICAL  SCIENCE  AND  TECHNOLOGY  July  19B6 


electrode  u  mede  el  only  one  end  (it!  the  initial  potential 
is  sufficiently  positive  to  precluoe  electrochemical  reac¬ 
tivity.  and  (ml  the  reaction  is  electrochemically  revers¬ 
ible 

We  begin  with  the  oxidized  form  O  of  the  couple  pres¬ 
ent  within  the  solution.  At  the  commencement  of  the  CV. 
the  potential  begins  to  change  to  less  positive  values.  At 
some  point,  the  faradaic  current  will  become  nonzero 
and.  at  that  point,  a  voltage  gradient  will  exist  within  the 
electrode  The  change  in  potenual  at  a  given  point  in  the 
electrode  will  exist  within  the  electrode  The  change  in 
potential  at  a  given  point  in  the  electrode  will  make  the 
potential  less  negative  than  the  point  at  which  electrical 
connection  is  made  from  the  poienuostat.  Consequently, 
the  ratio  (RVIOj  at  this  point  is  also  less 

The  total  current  that  passes  through  a  given  locauon  in 
the  electrode  is  a  combination  of  the  current  from  the 
poruon  of  the  electrode  still  further  removed  from  this  lo¬ 
cauon  plus  the  faradaic  current  present  at  this  locauon. 
The  exact  relauonship  between  potenual.  resistance,  and 
current  can  be  obtained  if  we  consider  the  working  elec¬ 
trode  to  be  divided  into  "N"  electrode  elements  with  an 
equal  resistance  between  them  The  potenual  of  the  first 
electrode  element  £,  is  set  by  the  potenuostat.  but  the  po¬ 
tential  of  the  second  electrode  element  will  be  dependent 
upon  the  resistance  within  that  element  multiplied  by  the 
total  current  which  passes  through  it.  Therefore 

E.  •  E,  *  R-(t,  *  i,  *  .  *  «0  [1] 

E,  -  £,  -  R,(q  *t,  »  k)  *  R,(v,  *  i,  *  .  +  t«) 

12) 

and  smee  all  R,  are  equal,  we  can  write  as  a  general  ex¬ 
pression 

E,  -  £,_,  +  Hit,  r  V,  +  -  -  *  !\)  (31 

For  sufficiently  large  values  of  either  current  or  resist¬ 
ance  a  given  electrode  element  may  be  sufficiently  posi- 
Uve  that  a  faradaic  process  does  not  occur  at  that  elec¬ 
trode  element. 

Examinauon  of  Fig  1  shows  that  the  resistance  of  a 
given  electrode  element  with  resisuvity  p,  length  At.  and 
cross-sectional  area  a  -  dw  equals 


a N 
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Noting  that  each  electrode  element  is  of  width  id.  length 
M  and  has  an  electroactive  surface  area  A  -  Alui  »  AJN , 
one  ootains  as  an  expression  for  the  resistance  of  each 
eiectroae  element 


R,  ■  pAjSwd  [5) 

Dimermontess  parameters  —The  analysis  of  resjstive  ef 
fects  within  an  electrode  was  conducted  using  dimension 
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less  parameters.  The  dimensionless  current  at  an  elec 
trooe  element  ;  is  given  by 

Z,  -  »,V  •/nFA.CO’ :  [6] 

Combination  of  Eq  {5]  and  (6j  gives 
R.iitf1'*  _  oA.2, 

nFA,CD":  "  Nurd  1  ' 

Noting  that  A,  -  A,/N  and  A.  -  lit)  yields 


R,i, 


ZpnFl’CD1 ! 
N-t,  d 


(8) 


Finally,  division  of  both  sides  of  the  above  expression  by 
R7V F  and  utilization  of  the  relationship  i,  -  i£,  -  £.) /v 
gives  as  an  expression  for  the  dimensionless  potenual 
drop  across  a  given  electrode  element  due  10  the  passage 
of  current 


R.I.F  _  r  pn I’FCP'H-1’  ) 
"  RT  "  Z'  l  RT(E,  -  E,)*  'N,d  J 


The  quantity  in  brackets  u  the  dimensionless  resistance 
parameter,  which  related  ail  quantities  in  the  physical  ex 
penment  for  an  electrode  with  rectangular  geometry 
Simulation  — In  this  study,  we  considered  that,  initially, 
only  the  oxidized  form  of  the  redox  coupie  is  present  in 
solution,  and  that  the  mitiaJ  voltage  scan  will  be  towards 
more  negative  potentials  At  the  commencement  of  the 
CV.  aii  points  on  the  electrode  surface  are  equi potential 
with  the  applied  potenual.  If  a  nonzero  fa raaaic  current  is 
present,  the  electrode  elements  will  differ  from  the  ap¬ 
plied  potential  by  an  amount  that  depends  upon  the  total 
current  passing  through  each  element  as  well  as  the  oirec 
Uon  of  that  current.  During  the  negauve  scan,  the  poten¬ 
tial  of  each  electrode  element  is  more  positive  than  the 
contact  element,  as  long  as  a  nonzero  current  is  present. 
With  a  nonzero  faradaic  current  present,  the  reversal  po¬ 
tential,  E.,  is  also  expected  to  be  different  for  each  elec 
trode  element.  The  electrochemical  events  that  are  possi 
ble  at  an  electrode  element  removed  from  the  contact 
element  will  depend  upon  the  potential  that  is  present  at 
that  element.  This,  in  turn,  will  depend  upon  the  IR  drop 
between  it  and  the  electrode  element  at  which  electrical 
contact  is  made  to  the  potenuostat.  If  the  potential  of  an 
electrode  element  is  sufficiently  positive  electrochemi¬ 
cal  reduction  will  not  take  place  at  a  portion  of  the  eiec 
trode. 

An  iterative  numerical  simulation  of  the  cyclic  voitam 
mogram  allows  the  I-V  benavior  of  the  electrode  to  oe 
computed  for  a  given  value  of  the  aimensioniess  resist 
ance.  Programs  were  written  in  Fortran  IV  and  simulated 
using  the  finite  difference  approach  (1-T)  Typically,  the 
program  utilized  several  hundred  iterations  and  up  to  a 
thousand  electrode  elements  the  number  requirea  being 
a  function  of  the  dimensionless  resistance  Efforts  were 
made  to  minimize  the  number  of  eiectrooe  elements  used 
and.  therefore,  the  computing  time  The  number  oi  e/e< 
trode  elements  used  was  increased  in  multiples  of  one 
hundred  until  the  resulting  changes  in  A£#  differed  ;es s 
than  5%  from  the  next  smaller  number  of  electrode  ele¬ 
ments  used  Typically,  a  program  required  some  *»00s 
CPU  time 

Algorithms  based  on  Eq  |3]  were  usea  to  assign  a  po¬ 
tential  to  an  electrode  element  The  worKing  eiectrooe 
was  divided  into  A/  elements,  and  each  was  assumed  to  oe 
a  thin,  uniform,  and  continuous  metallic  film  Since  each 
electrode  element  mav  have  a  different  potential,  the  ratio 
of  oxidized  to  reduced  form  ai  eacn  is  expected  to  varv 
The  solution  phase  was  divided  into  a  two-dimensional 
array  Diffusion,  the  only  mass  transport  meenamsm  con¬ 
sidered  in  this  work,  was  assumed  to  be  nonlinear,  t  c  . 
diffusion  both  normal  and  parallel  to  the  surface  ol  the 
worxmg  eiectrooe  Capacitance  effects  were  not  included, 
because  th**v  are  a  constant  proportional  to  the  sweep 
-aie  An  interesting  ana  analogous  problem  involving  so- 
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luuon  resistance  within  electron  spin  resonance  cells  was 
considered  previously  (8)  using  an  alternative  method 
The  classical  paper  of  Nicholson  (9)  was  one  of  the  first 
to  yield  quantitative  results  for  the  analogous  solution  re¬ 
sistance  problem.  The  analogous  problem  of  uncompen¬ 
sated  solution  resistive  effects  present  in  thin  layer  elec¬ 
trochemical  ceLli  was  considered  previously  for  the 
potential  step  and  current  step  experiments  using  the 
simulation  technique  The  authors  (10)  found  that  nonuni¬ 
form  current  densities  resulted  along  the  working  elec¬ 
trode  because  of  high  electrolyte  resistance.  They  did  not 
consider  cyclic  voltammetry.  The  unusual  current  re 
sponse  from  their  simulated  chronoamperometnc  data  is 
seen  also  in  our  simulated  CV s  We  do  not  believe  that 
there  is  any  fundamental  distinction  between  distributed 
resistance  arising  from  electrode  resistivity  and  distrib¬ 
uted  resistance  arising  from  nonuniform  current  densities 
in  solution  within  a  thin  layer  cell. 

The  simulation  commences  with  the  assignment  of  the 
most  positive  potential  to  each  electrode  element  and  the 
calculation  of  the  resulting  dimensionless  current  at  each. 
For  the  second  iteration,  the  potential  of  the  first  elec 
trode  is  again  assigned,  but  the  potential  of  the  second 
electrode  element  and  all  others  are  computed  using  the 
total  dimensionless  current  from  the  previous  iteration, 
Z<K  -  1).  The  faradaic  current  at  a  given  electrode  ele¬ 
ment  removed  from  the  contact  electrode  element  may  be 
greater  or  less  depending  upon  the  potential  at  that  ele¬ 
ment  relative  to  the  standard  potential  for  the  redox  pro¬ 
cess  under  consideration.  Equations  (3]  and  (9)  show  that, 
for  the  Kth  iteration,  the  dimensionless  potential  of  elec¬ 
trode  element  j  equals 


Fig.  2.  Flow  chart  of  digital  timuiation  program 


In  this  equation 


Z,  -  ZlK  -  1) 


N  -  )  *  l 


and  RMO  is  the  dimensionless  resistance  parameter  tEq. 
f9D  For  a  given  iteration,  once  the  potential  for  a  given 
electrode  element  has  been  assigned,  the  faradaic  current 
at  that  element  is  determined,  and  the  concentrations  of 
eiectroacuve  components  in  each  solution  box  are  ad 
justed  for  diffusion.  This  new  concentration  then  be 
comes  the  old  concentration  in  preparation  for  the  next  it 
••radon.  A  flow  chan  of  the  digital  simulation  program  is 
inown  m  Fig  2. 

The  results  of  the  computer  simulation  of  resistive  elec 
*.roae  eifects  are  shown  <Fig.  3)  for  a  working  eiectroae 
jvuh  a  dimensionless  resistance  equal  to  15  Viewea 
'locKwise.  Fig  3A  indicates  the  potential  of  a  particular 
working  eiectroae  element  at  a  given  Ume  <  iteration  i  The 
aismbuiea  resistance  within  the  electrode  causes  the  po- 
•pmiai  scan  to  be  nonunear  The  most  dramatic  portion 
arrowi  occurs  with  the  commencement  of  significant 
'araaaic  activity  at  electrode  elements  close  to  the  contact 
Element  For  an  eiectrochemicailv  reversible  reaction  this 
nonlinearity  will  destroy  the  dependence  of  the  (araaaic 
rurrent  on  the  square  root  of  the  scan  rate  We  note  fur 
her  rnat  the  reversal  potential.  is  different  for  pacn  ej 
-*meni  and  similarly,  that,  at  the  completion  of  the  posi- 
*ive  ‘ran  the  potentials  of  the  niectroae  elements  3re 
iiifereni  These  effects  become  more  dramatic  vun  m 
reaseci  resistance  Figure  JB  shows  the  current  time  -po¬ 
tential!  response  to  the  applied  potentials  for  the  first 
,na  t\v o  Hundredth  eiectroae  element  It  should  be  noiea 
nere  'bat  the  maximum  dimensionless  current.  0  510.  ex 
eeas  me  vaiue  0  4463.  for  the  current  function  ootained 
or  reversible  charge  transfer  ill).  We  see  that  eiectroae 
elements  removed  from  the  first  exhibit  cathodic  peak 
potentials  more  negative  as  well  as  anoaic  peak  potentials 
more  positive  than  in  the  absence  of  the  eiectroae  resist 
;nce  iusuv.  ve  note  that  ••lectrode  resistance  results  <n 
“umcussual  structure  iarrnwi  in  the  current  lunruon  F  g 
)(’  .  ommr.es  the  two  previous  figures  ,!A  arm  III  »o 
orm  a  i  '.me  mtammng'-.im  iga»r,  tor  'tie  '’'ini.v  •  ete* 


trode  element  and  one  removed.  The  data  are  presented 
in  terms  of  the  potential  of  the  first  eiectroae  element 
The  simulation  produced  a  marked  shift  in  redox  peak 
potentials  and  currents  for  electrode  elements  affected  hv 
resistance  lastly,  in  Fig.  3D  we  see  the  cyclic  voltammo- 
gram  that  results  when  the  CVs  for  each  eiectroae  eie 
ment  are  considered  and  averaged  (Fig.  3D-1)  For  com¬ 
parison.  the  CV  obtained  under  identical  conditions,  but 
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F.q  3  UluiffQfton  ot  th«  cyclic  rtiulh  ob'omtd 

junq  the  finite  difference  method  for  a  tocii*  one-electron  redo*  re 
action  rtmronct  o  »  0  5  f  *  0  OV  T  ■  298  15  K  N  *  200 
l  “  400  RH 0  *  *  5  Plots  A  and  8  ond  Plott  C  and  D  have  the  jomt 
oDtcitto  respectively  Clockwne  from  ftrtt  quadrant  Plot  A  potential 
at  o  given  electrode  element  1 1 )  contact  electrode  element  (21  on# 
hundredth  element  3)  two-hundredth  element  Plot  8  'eiuitmg 
faradaic  current  ot  on  electrode  element  ot  a  given  time  ipotentioil 

(1)  contact  electrode  element  (2)  two-hundredth  electrode  e*«meni 
Plot  C.  reiultmq  cyclu  »oi fa mmoqromi  (  1 )  conroct  electrode  element 

(2)  two-tiunoredtK  electrode  element  Plot  0  cyclic  voitammoqromt 
iM  o*ernqe  ot  dimennonieti  cuirtna  over  N  electrode  element!  2) 
'of  comparison  >  nmuioteo  re*erii|»le  c » c  1  •  c  voiiQitiffioqrom  gnon 
denr-r o'  i  pnu.iiooi  eicrpt  thot  dimennoniett  rrimond  eauoif  tern 


A-'j 


J.  EUctrochrm.  Soc_  ELECTROCHEMICAL  SCIENCE  AND  TECHNOLOGY  July  1986 


in  the  absence  of  resistance  (Fig.  3D-2).  is  included.  We 
see  that  the  effect  that  electrode  resistance  has  is  to  alter 
the  shape  of  the  resulting  CV  by  increasing  £„  to  slightly 
increase  the  peak  currents,  and  to  produce  structure  (ar¬ 
rows)  as  if  additional  electrochemical  reacuon(s)  were 
possible.  In  a  sense  they  are.  An  added  peak(s)  appears 
because  the  potential  of  electrode  elements  removed  from 
the  point  of  electrical  contact  lags  the  potential  at  the 
potent!  os  tat. 

The  effect  that  resistance  has  upon  A£,  for  a  reversible 
and  a  quasi-reversible  electrochemical  reaction  is  shown 
in  Fig  4a.  in  which  the  pea*  potential  difference  ls 
plotted  for  each  as  a  function  of  dimensionless  resistance. 
The  dependence  appears  quadratic  and  significant  Re¬ 
calling  '.Eq.  (9J)  that  the  dimensionless  resistance  is  expli¬ 
citly  dependent  upon  o'  *.  we  can  present  the  peak  separa¬ 
tion  as  a  function  of  sweep  rate  (Fig.  4b).  This  result  is 
significant  as  a  method  for  the  diagnosis  of  resistive  ef¬ 
fects  within  a  working  electrode.  For  a  simple  case,  con¬ 
sider  a  redox  couple  whose  well-established  electrode  Ki¬ 
netics  at  platinum  are  to  be  studied  at  a  thin  film 
platinum  electrode.  The  measured  pean  separation  would 
enable  calculation  of  the  resistance  of  the  film  (Eq.  (91) 
Alternatively,  for  a  system  under  study  at  a  thin  film 
electrode  for  which  neither  the  electrode  kineucs  nor 
him  resistance  have  been  determined,  the  measurement 
of  at  two  (or  more)  sweep  rates  would  allow  a  deter¬ 
mination  of  Jr  and  the  film  resistance  to  be  made.  Con¬ 
versely.  a  researcher  who  is  unaware  of  the  effect  that 
eiectrode  resistance  has  would  necessarily  underestimate 
the  value  of  the  electrochemical  exchange  rate  constant, 
Jr. 

A  word  of  caution  is  necessary  to  those  who  use  itera¬ 
tive  methods  of  computation.  The  changes  in  the  system 
between  successive  iterations  must  be  sufficiently  small 
to  preclude  oscillatory  behavior.  Recall  that,  in  this  analy¬ 
sis.  we  begin  with  the  oxidized  form  of  the  redox  couple 
present,  and  that  we  begin  with  a  potential  scan  in  the 
negative  direction.  Specifically,  if  the  dimensionless  re 
sistance  of  each  electrode  element  is  too  large,  then,  when 
significant  faradaic  current  commences  at  the  first  elec 
trode  element,  that  current  (times  resistance)  will  produce 
at  the  adjacent  eiectrode  element  a  potential  that  is  posi¬ 
tive  of  the  value  it  had  dunng  the  previous  iteration.  This 
will  result  in  a  negative  ' anodic)  current.  This  oscillatory 
behavior  will  be  propagated  over  the  N  eiectrode  ele¬ 
ments  This  effect  can  be  circumvented  in  part  by  making 
V  sufficiently  large  iEq  (9 )).  We  chose  to  use  the  average 
current  from  the  previous  iteration.  Zi'K  -  1),  or.  alterna¬ 
tively.  the  current  function  from  the  first  electrode  ele¬ 
ment  to  compute  the  potential  of  a  given  eiectrode  ele¬ 
ment  for  the  Kth  iteration 

The  -esuiLs.  :o  (his  point,  have  been  limited  to  a  thin 
film  working  eiectroae  with  rectangular  geometry  We 
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next  considered  a  thin  film  eiectrode  with  circular  geom¬ 
etry*  (Ftg  1)  and  with  electrical  contact  to  the  potentiostat 
at  the  center  It  is  obvious  that  the  resistive  problem  can 
be  eliminated  by  using  a  conductive  substrate,  but  that 
was  not  the  intent  of  this  work.  While  the  resistance  for  a 
material  of  rectangular  geometry  is  given  by  Eq  (4],  the 
corresponding  resistance  expression  for  a  thin  film  eiec 
trode  with  electrical  contact  at  the  center  (forming  elec¬ 
trode  elements  of  concentric  rings)  ls  obtained  through 
soluuon  of  the  Laplace  equation  (Appendix).  The  expres¬ 
sion  for  resistance  equals  (see  Eq  [A-9D 

R  -  In  (ryrj  [12] 

2nd 

Using  reasoning  idenLcai  to  that  used  for  an  electrode 
having  rectangular  geometry,  it  can  oe  shown  for  the  cir¬ 
cular  eiectrode  that 


Rei.F  ^  pnIPA.CD' :  ' 2;  -  Du1 
~RT  Z'  2nai  E,  -  E::  RTS- 


In  ir/r,..  J 


Comparison  of  Eq  (9)  with  Eq  (13|  yields 


circular  i  -  7LHCX rectangular  j  - 


As  the  values  of  r,  and  r, _ ,  increase  their  ratio  must  ap¬ 
proach  unity  Therefore,  a  circular  eiectrode  with  a  single 
centrally  located  point  for  eiectncai  contact  should  pres¬ 
ent  less  of  a  resistance  problem  iFig  1).  Our  simulations 
have  confirmed  this  observation. 

Summary 

The  effects  that  distributed  resistance  within  a  thin 
film  working  eiectrode  has  upon  a  cvciic  voitammogram 
have  been  determined  througn  simulation  using  the 
finite  difference  approach  The  effects  are  worse  if  the 
working  electrode  is  long  and  thin,  and  if  eiectncai  con¬ 
nection  to  the  potentiostat  is  made  at  only  one  end.  We 
found  that  the  observed  effects  would  not  be  found  m  a 
circular  electrode,  even  if  very’  thin.  The  problem  was 
simulated  in  terms  of  dimensionless  parameters.  The 
presence  of  distnbuted  electrode  resistance  allows  a 
nonlinearity  in  the  triangular  wave  to  occur,  resulting  in  a 
maximum  value  of  the  dimensionless  current  which  ex¬ 
ceeds  the  current  function  for  reversible  charge  transfer 
Electrode  elements  remote  from  the  first  exhibit  cath¬ 
odic  peak  potentials  more  negative,  as  well  as  anomc 
peak  potentials  more  positive,  than  expected  m  the  an- 
senre  of  distnbuted  eiectroae  resistance  In  addition 
nonciassicai  structure  within  the  CV  was  observe'4  as  a 
direct  elfect  of  (he  eiectrode  resistance  The  eiectroae  Ki¬ 
netics  for  an  electrocnemicaily  well-defined  and  other 
wise  reversible  redox  coupie  could  easily  be  thought 
quasi-reverruole  as  determined  from  A£„.  Use  ot  two  ior 
more)  sweep  rates  would  ailow  a  determination  ot  both  <" 
and  the  film  resistance  to  be  made 
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APPENDIX 

ff«s<!ron(  •  P'npenm  of  Thtn  Circular  G*om*frrfi 

An  explicit  expression  tor  the  resistance  of  an  eiectrode 
material  having  circular  georreirv  requires  the  solution  ot 
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the  Laplace  equation.  In  this  model  (Fig.  1).  the  electrode 
is  of  thickness  d  and  of  radius  r.  Electrical  contact  is 
made  only  at  the  center  of  the  electrode  Taking  the  La¬ 
place  equauoa  - 


l  d  f  d'V(r)  1  „ 

r*  dr*  lr  dr“"  ]  " 


integrating  twice  and  simplifying  gives 

,  V.  -  V,  -  C,  In  <iyr.)  [A-2] 

Therefore 

c,-JXi^L  [AJ| 

In  (r,/r,l  1 

In  terms  of  r,  where  t,  *  r  <  r, 

IV,  -  V.) 

Wr|  -  V,  *  -i_L - —  In  <r/r, )  [A-4| 

In  <r,yr,) 

The  electrostatic  field  E  equals 

E,r,  ■  ig.  .A?!-  J^L-L  [A-5] 

dR  In  <vr,)  r 

The  charge  flux  is  equal  to  the  product  of  the  conduc¬ 
tivity  and  the  electrostatic  field 


In  (r,/r,l  r 

Finally,  the  current  is  given  by  the  integral 


f  o(V,  -  V,) 

/  -  /  -—  - - 2ird  dr 

/«,.  r  In  (r,/r,l 


g(V,  -  V,) 

In  <r,/r,J 


Using  Ohm  s  law  obtains 


■  In  (r,/r,) 


LIST  OF  SYMBOLS 

A,  electroactive  surface  area  of  jth  electrode  element, 
cm- 

A.  total  eiectroactive  surface  area,  cm' 

i  area  of  eiectrode  (end  on),  cm- 

C  concentration,  mol/cm1 

CV  cyclic  voilammogram 

D  diffusion  coefficient,  cm  /s 

DELTA  dimensionless  electrode  potential  correction 
due  to  distributed  resistance 
i  electrooe  thicxness.  cm 

.lE,  anodic-cathoaic  peak  separation,  m  V 
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E  dimensioninss  potential 

E,  Initial  potential 

E.  reversal  potential 

£  electrostatic  rield,  V/cm 

F  Faraday's  constant.  C/mol 

a  conductjvrty,  ll-cm 

i  electron  current,  A 

i  electrochemical  current,  A 

J*(r)  current  density.  A/cm1 

j  >  electrode  element 

K.  iteration  number 

k“  electrocnemieal  exchange  rate  constant,  cm/s 

L  total  number  of  iterations 

l  electrode  iength.  cm 

N  total  number  of  electrode  elements  within  electrode 
n  number  of  electrons 

POTNOR  dimensionless  electrode  potential 
R  resistance,  fi 

R,  eiectrode  element  resistance.  Cl 

RHO  dimensionless  resistance 

RKS  dimensionless  electrochemical  exchange  rate  con¬ 
stant 

r,  radius  of  ith  eiectrode  element,  cm 

p  resistivity,  fl  cm 

t*  time  of  experiment,  s 

T  temperature.  K. 

u  sweep  rate.  V 

V  potential.  V 

w  eiectrode  width,  cm 

2,  dimensionless  Caradaic  current  at  electrode  element 
) 

Z(K  -  l)  total  dimensionless  faradaic  current  for  the 
Jcth  iteration 
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